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Abstract 


Observations  of  the  apparent  temperature  of  thunderstorm  cells  were 
made  at  a  number  of  frequencies,  from  10  cps  to  3OOO  Me  during  the  month 
of  July  1961.  Ibe  storm  Jxiy  21  is  analyzed  in  detail.  The  observations 
are  summarized  in  section  2. 

Section  3^  and  5  develop  a  theory  to  predict  the  antenna 
temperature  T  which  may  be  e:q)ected  from  a  storm  cell.  Briefly,  the 
optical  depth  of  the  storm  cell  and  the  surrounding  atmosphere  is  found  to 
be  low.  Emission  of  radiation  apart  from  sudden  lightning  discharges  is 
attributed  to  cormna  discharge  fix>m  charged  particles  vrithin  the  storm 
cell.  The  discharges  are  assumed  to  be  similar  in  character  to  the 
point -to -plate  discharges  studied  in  the  laboratory,  •vAiich  are  characterized 
by  pulses. 

Section  6  gives  the  calculations  of  the  observed  antenna  temperature 
at  several  frequencies,  and  section  7  puts  limits  on  the  parameters  of  the 
discharge  model  to  fit  the  observations.  Section  8  contains  a  discussion 
of  the  extent  of  agreement  of  theory  and  observation  with  some  suggestions 
for  further  detail  in  investigation. 

Sections  9  and  10  discuss  some  precautions  ■vdiich  should  be  taken 
in  future  6:^)0 riments  to  secure  more  valid  data. 
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1 .  Introduction 

The  primary  emphasis  of  the  contract  as  it  developed  was  placed  on 
the  determination  of  the  emission  of  radio  frequency  radiation  by  a 
thimderstoim  cell.  The  emission  of  which  we  speak  in  this  report  is  the 
background,  or  time -wise  continuous  emission,  not  including  the  impialsive 
strokes  usually  associated  with  liglitning  discharges. 

In  subsequent  sections  of  this  report  we  describe  the  deteimination 
of  antenna  temperatures  dtiring  the  storm  of  July  21,  196I  -vd/ch  the  radio 
astronomy  equipment  of  the  Sagamore  Hill  Observatory,  and  the  gathering  of 
other  relevant  meteorological  data.  An  equation  of  transfer  is  set  up  to 
represent  the  passage  of  radiation  through  the  storra  cell.  Tlie  source  of 
radio  frequency  radiation  within  the  cell  is  assumed  to  be  corona  discharge 
from  charged  droplets  in  the  cloud,  and  on  this  basis  a  prediction  of  the 
variation  of  antenna  temperature  ^/itli  frequency  is  obtained. 

In  addition  to  the  primary'-  emphasis  on  the  thunderstorm  activity, 
the  following  investigations  were  pursued  at  the  Sampson  Station  of  the 
Observatory  of  KPI.  A  continuail  monitoring,  with  only  moderate 
interruptions  for  equipment  servicing  and  repair,  has  been  made  of  the 
following  parameters: 

18-megacycle  cosmic-noise  intensity. 

Atmospheric  electric  potential  gradient. 

Intensity  of  reflected  light  from  the  northern  sly. 
Atmospheric  presaure  fluctuation  with  a  microbarovariograph. 
Ihe  immediate  objective  of  the  monitoring  tabulated  above  was  to  find 
examples  of  tropospheric  effects  on  the  transmission  of  l8-megacycle 
cosmic  noise,  and  to  evaluate  the  relationships  between  the  absorption  of 
this  noise  and  the  other  parameters.  Additionally,  the  relationship 
between  atmospheric  electric  potential  gradient  and  the  intensity  of 
reflected  light,  together  with  standard  weather  infomation,  should  help 
to  indicate  the  electrical  properties  of  specific  stom  centers,  and  is 
related  to  the  main  thtinderstorm  project.  3he  records  which  were 
assembled  have  been  maintained  in  good  fozn  on  the  campu:.  of  HFI  in  Troy. 
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A  patrol  of  the  sm  with  the  517 -megacycle  svept-lohe  interferometer 
at  the  Sampson  Station,  designed  to  measure  the  angular  positions  and 
motions  of  sources  of  solar  radio  hursts,  has  hrou^t  to  li^t  some 
fluctuations  of  atomspheric  noise  level  at  that  frequency,  in  addition  to 
the  effects  of  listening  discharges. 

Tvrc>  additional  programs  at  Sagamore  Hill  were  as  follows: 

(1)  On  about  15  mornings  during  July  sea-interferometer  patterns 
were  ohseived  for  the  rising  sun  at  L  and  S  bands  by  Roark  (RPI)  and 
Straka  (AK!KL).  Ihese  data  are  intended  to  be  reduced  to  further  test 
the  hypotiiesis  that  atmospheric  blobs  produce  sunrise  scintillations. 

Only  preliminary  reductions  have  been  made  so  far,  and  no  conclusions 
have  yet  been  reached. 

(2)  An  effort  to  locate  Comet  Wilson  at  29^5  Me  was  made  by  Straka 
and  Roark  on  July  26  throu^  29.  Correlation  with  results  from  a  similar 
effort  at  Harvaid  initially  pointed  to  a  successful  detection  at  this 
frequency,  but  subsequently  it  was  decided  that  the  observed  results  were 
due  primarily  to  equipment  instabilities. 
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2.  Description  of  OTpservatlons 

Efforts  to  observe  possible  radio -frequency  emission  from  thxmderstom 
cells  vrere  concentrated  during  the  month  of  July,  1961.  There  vras  a  moderate 
number  of  violent  tropospheric  stoims  during  this  period,  most  of  which  were 
observed. 

Vrhen  a  thunderstorm  cell  was  sifted  by  the  radar  equipment  at  Blue 
Hill  its  position  was  communicated  to  the  observers  at  Sagamore  Hill.  New 
altitude -azimutli  coordinates  for  Sagamore  Hill  were  computed  and  then 
converted  to  hour  angle  and  declination  for  use  with  the  84-foot  paraboloid 
antenna.  This  coordinate  conversion  process  took  only  a  few  minutes  as 
extensive  use  -imis  made  of  pre-calcvilated  tables.  Thus,  the  observers  TOre 
able  to  locate  the  cell  before  it  had  a  chance  to  radically  shift  its 
position  as  found  by  Blue  Hill.  Upon  location  of  a  cell,  it  vrould  be 
observed  for  vai”''ing  amounts  of  time  with  all  eqiiipment  then  opei-uble. 

Tlie  observations  of  the  Jtily  21,  196I  storm,  vdaich  was  observed  from 
l400  EST  to  1700  EST,  are  the  most  complete  and  our  analysis  is  concentrated 
on  this  event.  '7ne  instrument  outputs  display  no  atypical  traces  aixd 
therefore  this  storm  can  be  used  as  a  general  case. 

On  this  date,  two  violent  weather  fronts  containing  hi(^i  winds,  hail, 
thionderstorm  cells  and  precipitation  were  in  the  vicinity  of  the  AECKL 
Sagamore  Kill  Hadio  Astronomj’’  Observatoiy  near  Hamilton,  Massachusetts. 

One  of  these  fronts  had  already  passed  throu^  the  area  and  vras  to  the 
south  of  the  observatory.  The  other’,  which  iras  the  one  observed,  was  to 
the  north-northwest  and  traveling  in  a  south-southeasterly  direction  at  a 
mean  azimuth  of  3OO  degrees  reckoned  from  the  Sagamore  Hill  site,  assuming 
zero  degrees  azimuth  to  the  North.  Tiiis  movement  is  shown  quite  clearly 
(Figure  2-1)  on  plots  of  radar  data  fr^rn  the  Blue  Hill,  Massachusetts, 
Meteorological  Observatory.  The  radar  observations  show^  a  gimup  of  cells 
about  15  miles  to  the  north-northvrest  of  Sagamore  Hill  at  1543  3ST  on  this 
date.  A  later  radar  observation  of  the  same  cells,  made  1719  EST,  shows 
their  position  to  be  nearly  over  the  Sagamore  Hill  site. 
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No  precipitation  was  recorded  at  Sagamore  Hill  during  the  times  of 
observation  at  200  Me  and  above.  At  approximately  I825  EST  a  shift  of  wind 
direction  at  the  site  indicated  the  passage  of  the  observed  front.  Rain 
commenced  at  the  site  at  this  tine,  ihe  temperature  o:^  the  cell  at  low 
frequencies  (5  to  30  Me)  was  measured  at  this  later  time. 

The  observations  available  for  the  July  21  activity  are  summarized 

below. 

a) .  10  cycles  per  second  to  ^000  cycles  per  second 

These  data  were  taken  by  a  swept  frequency  receiver  under  the 
operation  of  Ivir.  William  Barron  of  AIORL.  The  antenna  was  relatively  non- 
directional.  The  record  for  this  date  shown  in  Figure  2-2,  shows  a  marked 
widening  of  the  recorder  trace  which  can  perhaps  be  attributed  to  the 
effect  of  nimerous  li^tning  strokes.  The  general  level,  though,  is  not 
rasled  to  aaiy  appreciable  extent.  The  widening  effect  is  particularly 
noticeable  at  the  lower  and  hl^er  end  of  the  frequency  range  swept  by 
this  instrument.  The  mid-range  seems  relatively  unaffected. 

b) .  ^  Megacycles  per  second 

Tlie  antenna  for  this  frequency  is  a  long  wire  with  a  broad  directivity 
to  the  north.  The  record  for  Jxaly  21,  shown  in  Figure  2-3,  exhibits  a 
general  rise  in  the  intensity  base  level  centered  about  180O  UT.  It  is 
felt  that  the  lightning -originated  bursts  were  not. the  primary  cause  of  the 
general  rise  in  level.  The  burst  number  during  the  I83O  to  190O  UT  time 
interval  was  as  large  or  larger  wltli  little  resulteint  change  to  the  base 
level. 


Hill 
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Figure  2-1 

Thunderstorm  Cell  Positions,  July  21,  1961 
- 1543  EST 

-  1719  est 


RBIij 


Figure  2-2.  10  to  9000  cps  Data 
Two  Sweeps  -  10  to  900  cps  and  800  to  9000  cps 

Total  Sweep  Length:  44  Minutes,  54  Seconds 

Top  -  Monday,  July  17,  1961  (No  Storm) 

Bottom  -  Friday,  July  21,  1961  (Seyere  Storm) 
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Several  interesting  characteristics  are  displayed  on  the  5  Me  record 
for  this  date.  A  small  general  irLse  in  noise  level  "began  about  1200  EST 
and  reached  its  maximum  value  at  l6Jj-0  EST  whereupon  a  sudden  drop  in  noise 
Intensity  occurred  with  the  trace  reaching  nomnal  matched-load  level  by 
1700  EST.  Ignoring  some  short-lived  fluctuations,  a  second  general  rise 
began  about  I800  EST,  reaching  a  larger  maximum  value  at  about  20k0  EST 
as  compared  to  the  previous  maximum  and  falling  to  matched-load  level  at 
a  rate  gpiite  similar  to  the  rise  rate.  The  sudden  drop  in  noise  level 
before  I700  was  not  repeated  after  2040  EST. 

The  stoim  cells  observed  at  higher  frequencies  by  the  directional 
antenna  at  16L5  EST  were  to  the  north-northwest  of  Sagamore  Hill  and  had 
not  passed  over  the  station  though  disturbed  weather  conditions  were 
present  at  the  HiU.  These  may  have  caused  the  preliminary  5  Me  rise 
before  l64o  EST.  The  passage  over  the  site  of  the  actual  squall  line 
associated  with  the  cells  could  then  account  for  the  very  large  maximum 
observed  at  2040  EST. 

These  records  are  shown  in  Figure  2-3  with  a  relatively  quiet 
day  for  comparison.  Note  the  normal  daily  rise  in  noise  level  from 
1800  to  2015  EST. 

c).  10  Megacycle  per  second 

This  radiometer  has  a  hsd.f  wavelength,  fifty  ohm  irapedence,  dipole 
antenna  well  above  the  ground  to  minimize  ground  effects. 

Two  general  rises  were  also  observed  on  this  frequency  -vdiich  were 
analogous  to  the  5  Me  data  presentation.  However,  the  rapid  drop  in 
noise  intensity  exhibited  by  the  5  Me  observations  at  l6k0  EST  was  not 
in  evidence  at  10  Me.  The  10  Me  data  is  most  difficult  to  analyze  in 
this  qualitative  manner  as  the  recorder  tracings  fluctuate  wildly 
throu^out  the  first  rise  and  drop  in  noise  level.  It  would  be  most 
difficult  to  ascertain  the  time  corresponding  to  the  first  peak  value 
as  the  trace  goes  cqnqjletely  and  consistently  off  scale  in  both  directions. 
Fortunately  the  second  maximum  is  somewhat  easier  to  detemnine.  This 
occurred  at  about  2040  EST  and  correlates  well  with  the  5  Me  data. 
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As  Toefore,  we  are  assvoning  the  rise  in  level  is  not  due  to  the  super¬ 
position  of  successive  li^tning  strokes. 

d)  .  30  Megacycles  per  second 

Ihe  30  Me  riometer  was  connected  to  a  three  element  yagi  antenna 
pointed  toward  the  north  polar  region  of  the  celestial  sphere. 

Between  1200  EST  and  2100  EST  these  records  exhibit  eictrenely  noisy 
conditions;  much  more  so  than  even  the  noisiest  periods  for  three  days 
before  and  aftex-  July  21,  I96I.  A  maximum  occurs  about  I615  EST.  See 
Figure  2-4.  No  well  defined  second  maximum  shows  as  observed  on  p  He  and 
10  Me.  This  equipment  was  undei'  the  direction  of  Mr.  H.  Strick,  AFCRL. 

e) .  220,  1200,  and  3OOO  Megacycles  per  second 

These  thi’ee  frequencies  -v/ill  be  discussed  together  since  they  shared 
a  common  antenna  and  their  behavior  exhibits  similar  aspects.  The  antenna 
used  was  the  AFCRL  84-foot  equatorial  mounted  paraboloid  with  a  Jasik  feed 
for  simultaneous  inception  of  the  220,  1200,  and  3000  Me  radiation. 

During  the  course  of  the  afternoon  several  cells  weite  observed. 
However;  the  paxi^icular  one  denoted  ^  at  azimuth  293°  froia  Sagamore  Hill, 
altitude  7°  45',  1615  EST  is  the  one  which  will  be  discussed  in  detail. 

The  recorder  trace  of  the  noise  level  shows  a  marked  increase  in  intensity 
on  all  these  frequencies  as  the  antenna  is  pointed  nearer  to  the  cell. 
Individual  li^tnlng  strokes  are  fairly  prevalent  at  220  Me  with  fewer 
at  1200  Me  and  almost  none  at  3OOO  He. 

f) .  Other  sources  of  data 


Several  other  sources  of  data  were  available  and  many  hanre  been 
included  in  the  discussion  above.  Tliese  include; 

1) .  Mind  direction  and  speed  at  Sagamore  Hill. 

2) .  Temperature  recordings  at  Sagamore  Hill. 

3)  .  Local  area  weather  condition  reports  collected  from  a 

group  of  observers  by  Mr.  Pat  Harney,  AFCEL 
Meteorological  Development  Laboratory. 


Figure  2-4.  36  Mc/s  Riometer  Data 
Top  -  Sunday,  July  16,  1961  (NO  Storm) 
Bottom  -  Friday,  July  21,  1961  (Storm) 


another  ce 
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if-) .  United  States  Weather  Bureau  facsimile  maps  of  ireather 
conditions  in  the  immediate  and  surrounding  area. 

5 )  .  Badar  determinations  of  thmderstonn  cell  location  and 

their  profiles  talcen  hy  the  Tieather  Radar  Branch, 
Meteorological  Research  Laboratory,  AIURL. 

6)  .  Sferic  Location  data,  from  the  Air  Weatlier  Service 

Reporting  Ifetvroii:,  which  also  indicates  the  positions  of 
local  thunderstorm  cells. 

7) .  Backscatter  data  from  the  ionosphere  at  19.4  Lie  taken 

near  Ipswich,  Massachusetts,  by  Mr.  Chet  Lialik,  AIURL. 

8)  .  Ionosphere  soundings  taken  at  Millstone  Hill,  Massachusetts, 

by  Dr.  W.  W.  Smith,  I-I.I.T.  Lincoln  Laboratory. 

It  should  be  noted  that  on  J^iLy  21,  I96I,  there  was  no  backscatter  to 
the  north  during  the  period  of  intense  storm  activity.  Diis  is  rather  an 
anomalous  sitiaation  from  that  observed  for  the  preceding  and  following  few 
days.  The  night  of  the  21st,  diffuse  F  and  aurorae  were  observed.  Also,  a 
sudden  cosmic  noise  absorption  of  inportance  1  was  observed  about  1203  EST 
as  reported  in  the  National  Bureau  of  Standards  publication  of  Solar 
Geophysica’  Data  issued  November  1961,  but  this  same  event  was  not  observed 
on  the  18  Me  equipment  operated  by  Rensselaer  near  Grafton,  New  York. 

No  effects  of  the  July  21  storm  showed  on  the  records  obtained  at 
Grafton,  althougla  there  were  some  periods  of  atmosxheric  electrical 
activity  during  the  day.  We  assuaae  these  latter  to  be  related  to  local 
atmospheric  plienomena  not  directly  connected  with  the  storm  cells  observed 
from  Sagamore  Kill. 
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3«  ghe  Predicted  Anterma  Temperature  Due  to  a  Stom  Cell. 


We  assume  for  the  present  that  the  optical  depth  of  the  atmosphere 
outside  the  stona  cell  is  negligible.  In  general  the  antenna  tec^jerature 
will  he  (when  the  cell  fills  the  beam) 


T. 


-r 


(3-1) 


>diere  is  the  brightness  temperature  of  the  stom  cell,  1*  is  the  optical 
depth  of  the  cell,  ajid  is  i-h®  brightness  temperature  of  the  distant  sky 

backgroimd  (atmosphere,  ionosphere  or  galaxy,  depending  on  the  frequency). 
See  Figizre  3 -la.  Ihe  effect  of  the  presence  of  a  stom  \rLll  be  to  change 
the  first  term  from  zero,  with  a  corresponding  change  of  T^. 

is  related  to  the  bri^tness  b  of  the  storm  cell  by  tlxe  following 
well-known  equation  (Pawsey  and  Bracewell,  page  15,  eqn  7) : 


b  -  =  2.T7  X  10-23  ^ 


watt  m“^  (c/s)"^  steradian"^  (3-2) 


\  \ 

Ibvis  we  must  predict  b  in  order  to  find  T^. 

Assume  there  to  be  n  paxrticles  per  unit  volume  each  emitting  £  watts 
per  (cycle  /  sec)  bandwidth  at  the  frequency  of  observation.  We  call  £  the 
emission  coefficient  per  particle,  n  and  £  may  be  evaluated  for  each 
emission  process  envisioned;  we  are  interested  in  the  sum  • 

As8\aning  the  emission  to  be  isotropic,  then  each  xanit  volinae  emits 


watts  (c/s)~^  ste radian"^ 


(3-3) 


in  our  direction.  The  total  emission  in  the  direction  of  the  antenna  will 
be  the  above  nvanber  multiplied  by  the  volxmie  of  the  stom  cell  which  we  will 
call.  V.  Consider  this  volume  to  be  the  product  of  the  surface  area  A  times 
the  thickness  of  the  cell  x,  measured  along  the  line  of  sight.  Then  the 
brightness  of  the  storm  cell  is 


b  = 


Yng 


or. 


(3-4) 

^  ^  -  (3-5) 

Substituting  equation  (2),  we  have  for  the  bri^tness  temperature  of 

ti»  rtom  c<ai  ^2,  x^nr 

\  = 


b  =  ^r-—  watts  (c/s)  ^  steradiem”^ 


2.77  X  10 "^3  4rtA(2.77  X  10"^2) 


or 


2 

\  ng  X 

lHt(2.77  X  10"^3) 


(3-6) 

(3-7) 
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Now  we  have  evaluated  one  of  the  qiaantities,  ,  appearing  in  equation 
(3-1).  The  optical  depth  Y  ±s  simply 

r  =  ^  M  •/«  (3-8) 

k  being  the  linear  absorption  coefficient,  and  x  the  thickness  of  the  cell 
as  before. 


If  the  cell  does  not  fill  the  beam,  will  be  reduced  by  the  ratio  of 
to  to  A  ,  (*)  being  the  solid  angle  subtended  by  tfcie  cell  and  A  being  the 
solid  angle  of  the  antenna  beam*  The  first  term  of  (3-1)  will  become 


2 

(o\  ngx 


(l-e“  )  mks  units. 


krtA2.77  X  10"^^ 

The  second  term  of  (3-1)  becomes  in  this  case  (u  <A) 
/  (0  to  -Y 

See  Figure  3 -lb. 


(3-9) 


(3-10) 


To  predict  T^,  we  evaluate  T'  in  the  next  section.  Section  4,  and  t 


in  Section  5. 


I 
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4.  The  Optical  Depth  of  the  Storm  Cell 

a) .  Attenuation  Due  to  Oxygen  and  Water  Vapor 

MDlecules  of  oxygen  and  water  vapor  provide  the  principal  sources  of 
microwave  absorption  in  the  normal  atmosphere.  Van  Vleck  (1947)  investigated 
these  properties  and  found  that  oxygen  molecular  absorption  was  quite 
important  in  the  4  to  6  mm  wavelength  range,  but  of  relatively  little 
importance  at  wavelengths  greater  then  10  cm.  No  observations  at  wavelengths 
shorter  than  10  cm  were  made  in  the  current  investigations,  hence  we  may 
disregard  molecular  absorption  by  oxygen. 

Hogg  and  Mumford  (i960)  show  results  indicating  that  for  a  water 
vapor  content  of  one  percent  in  the  air  we  may  neglect  the  effects  of  water 
vapor  at  the  frequencies  applicable  to  this  investigation.  Thus  we  will 
assume  that  the  absorption  coefficient  for  normal  atmospheric  conditions 
in  fimnt  of  the  emitting  cell  is  negligible. 

However,  within  the  cloud  surrounding  the  storm  cell  normal 
aiano^heric  conditions  are  not  present.  In  particular,  the  water  vapor 
content  is  much  more  than  I'jo.  Generally,  the  attenuation  must  be 
expressed  as  a  combination  of  absorption  and  scattering  by  the  particles 
involved.  When  one  considers  clouds,  however,  these  droplets  are  so  small 
as  to  make  scattering  quite  negligible  for  our  radio  frequencies.  The 
absorption  can  be  expressed  as  a  function  only  of  the  mass  of  the  condensed 
water  vapor  per  unit  volume,  M|  the  imaginary  part  of  the  index  of  refraction, 
m,  and  the  wavelength  of  the  incident  radiation,  \.  Johnson  (l955) 
tabulated  the  two-way  attenuation  per  unit  mass  of  cloud  as  a  function  of 
temperature.  The  maximum  values  occur  at  1.25  cm  wavelength  and  decrease 
with  increasing  wavelength.  At  10  cm  the  data  show  the  maximum  values: 

Z  »  0.04-7  (Water  cloud  at  -8*  C) 

i  •  iSe  5 

where  V"  is  the  logarithmic  absorption  coefficient  per  mile. 
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A  typical  value  for  the  water-vapor  content  of  nonprecipitating  clouds 
may  te  as  hi^  as  1  gta/cm^  at  the  upper  levels  (Johnson  195^)  •  Inserting 
this  value  for  m  and  dividing  hy  2  to  get  one-way  logarithmic  attenuation 
coefficient  per  mile  the  following  are  obtained: 

water  =  2.35  x  10  dh/mile^ 
ice  =  1.5  X  lO”'^  dh/mile. 

Conversion  of  miles  to  kilometers  yields 
water  =  1.4-7  x  10  ^  dh/km 

ice  =  0.94  X  10"3  db/km  (4-1) 

By  definition  the  attenuation  in  db  is 

-10  log  (i/Iq)  (4-2) 

'vdiere 

I  =  emergent  intensity  from  unit  absorbing  volume. 

I  =  incident  Intensity  upon  unit  absorbing  volume. 

0 

Ihe  term  (4-2)  may  be  written 

-10  log  e"^  =10  T'log  e 


but 


10  log  e  =  4 

Therefore,  from  equation  (3-S) 
db  =  4t'=  4kx 

db  _  4k 

mile  “  mile 


thus 

k  =  \/4  . 

Hence  from  (4-1) 

^water  =  O.37  x  10  ^  loii  ^ 

k  =  0.24  X  lO"^ 
ice 


(i^-3) 


(4-4) 


(4-5) 


Since 


T'  =  k 


^total 


and  we  are  assuming  a  total  path  length  of  10  km,  we  have 
water  =  3*7  x  10 

r  ice  =  2.4  X  10 "3,  (4-7) 

for  the  optical  depths  of  the  clouds  due  to  nonprecipitable  water  vapor, 
at  a  wavelength  of  10  cm.  Longer  wavelengths  will  be  even  less  affected. 
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Ta) .  Scatterins  'by  Rain  Drops  and  Snov  Flakes 

It  will  be  assimed  that  the  law  of  Rayleigh  scattering  holds  for  all 
wavelengths  and  drop  sizes  under  consideration  in  this  investigation.  The 
criterion  is  that  the  diameter  of  the  scatteidng  particle  be  small  as 
compared  to  the  wavelength  of  the  incident  radiation.  The  scattering  cross 
section  per  unit  volume  is  then  written  (Johnson  1955) 

.2  ,  V2I  ^ 


where 


"l®! 


(lt-8) 


m  =  complex  index  of  refraction 

n^  =  nxmiber  of  scatterers  of  size  i  per  unit  of  volume 

=  diameter  of  the  scattering  sphere 
2  2  2  2 

The  queintity  (m  -l)  /(m  +2)  may,  for  the  order  of  magnlti^e  calculations 
contained  in  this  section,  be  considered  independent  of  \  from  3OOO  Me  to 
200  Me  (von  Hippel  -  195^) •  we  may  write 


\  =  ( constant) (z) 

■vdiere,  according  to  Johnson  (1955)>  'the  constemt  assxanes  the  values 


(lf-9) 


constant  = 


0.66  X  10'®  water 

Q 

0.18  X  10  ice 


and 


z  = 


=  Z  n.D° 

T  1  i 


Now,  z  may  be  e:cpressed  as  (Atlas  and  Marshall  1952) 

z-  =  200 

where  R  is  the  rainfaiU  rate  in  mm  per  hour. 

Finally,  we  may  write 

J,  1  r 

X  rain  =  I.7  x  10  R  *  for  rain 

and 

ri  snow  =  0.36  X  10  ^  R^*^  for  snow, 

'  -1 

vdiere  is  e:5iressed  in  ft  and  \  in  centimeteres . 


(4-10) 


(4-11) 


Assuming  X  =  10  cm  and  R 


rain 


=  90  mm/hour;  R  *  10  mm/hour, 
^  '  snow  '  ’ 
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then 

«  .  1.7  X  10"^ 

'  10 

X  90^*^ 

(n)'^ 

=  2.21  X  lO""^ 

(ft)"^ 

and 

3.6  X  lO"”^ 

n  snow  =  ^ - 

\  10 

X  10 

=  1.4l  X  lO"^ 

(ft)"-^ 

If  we  again  assume  a  line  of  sight 

thickness 

of  10  km. 

for  the  cloud,  and  let 

T*  =  »^  X 

(4-12) 

Then 

T  rain  ’ 

and 

^  =  4.51  X  10"^ 

•  snow 

(^-13) 

are  the  values  of  the  optical  depth  due  to  scattering  "by  rain  drops  and 
snow  flakes  within  the  cloud. 


c ) .  Scattering  by  Free  Electrons 

Since  large  charge  separations  are  present  in  thunderstorm  cells,  as 
indicated  by  the  phenomenon  of  lightning,  the  possibility  of  attenuation  of 
radiation  within  the  cloud  by  electron  scattering  should  be  investigated. 


The  linear  absorption  coefficient  due  to  electron  scattering  is 
(Lichtenstein  1959) 

2 


k  T  =■ 

el 


2jte 


me 


2  ,  v2 

V  +(P+I^) 


N- 


(4-14) 


where  e  =  electronic  charge 

m  =  mass  of  electron 
c  =  velocity  of  light  in  vacuo 

=  electron  density  of  the  cloud  (assumed  homogeneous) 
V  =  collision  frequency  in  the  cloud 
p  =  frequency  of  incident  radiation 
Pt  =  "  frequency  of  the  electrons  in  the  cloud 

Xi 


For  the  frequencies  witla  which  we  are  concerned  (200  Me  to  3OOO  He)  it 

2 

will  be  assiaaed  that  p  »  p^^  and  hence  the  tern  (p+Pj^)  may  be  approximated 
as  p^. 


2& 


The  collision  frequency  ^  depends  on  the  velocities  of  the  electrons 
and  their  mean  free  path  1^  in  the  manner 


V 


(4-15) 

The  mean  velocity  7  is  the  sum  of  the  thermal  and  small  scale 
turbulent  velocities,  i.  e. 

^  ”  ^theimal  ^  ^t\irbulence 

The  thermal  velocity  may  he  found  from 


(4-16) 


where 

A 

T 


(4-17) 


Boltzmann’s  constant 

Electron  temperature  in  the  cell  (assumed  homogeneous  throughout) 
the  cloud) . 


To  evaluate  v.,  the  mean  temperature  will  he  chosen  as  10“  C  or 

*Cll 

283“K.  This  is  probably  a  fair  assumption  as  the  temperature  range  for 
summer  thunderstorms  seems  to  be  about  0®  to  20®  C  although  colder 
temperatiires  are  not  uncommon.  Hence 

—  _  / 8  X  1.38  X  10~^^  ^  ^  ^  ^ 

I  3.14  X  9.1  X  10-31  jjg  J 


=  lo5  meters/second 

A  typical  value  for  the  wind  current  that  serves  to  carry  the 
charged  particles  from  the  bottom  of  the  cloud  to  the  top,  according  to 
Vonnegut’s  theory  (l954)  would  be  about 

^turbulent  “  ^  meters/second 

It  is  obvious  that 

V>  ^tu 

and  thus 


V 


meters/ second 


(4-18) 
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Hie  mean  free  path,  1^,  for  the  Mr  Force  Model  Atmosphere  (Campen  i960). 


at  a  mean  height  of  5  Ion  is 
^-7 


1  =  10  '  meter, 

e 


(^-19) 


Upon  substitution  of  these  values  we  obtain  for  the  ri.llision  frequency 

•  a12  -1 

V  =  10  sec 


Hius  it  may  further  be  assumed  that  p  is  negligible  when  compared  with 
V,  even  at  3OOO  Me.  The  linear  absorption  equation  may  now  be  written  as 

2jte^I_v  ^  _2 

(4-20) 


^el" 


2:Te 


N 


mev 


mev  e 


Inserting  all  the  known  and  constant  terns  we  find  that 


10-19  (m-l). 

Choosing  a  value  of  =  5  x  10^^/m  (Vonnegut  -  1954), 

k^^  =  5  X  10"^  (m"^) . 

4 

For  X  =  10  km  =  10  meters,  the  optical  depth  due  to  electron  scattering 

-5 

T'el*  ^  ^  (^-21) 

d) .  Discussion 

Hie  optical  depths  may  now  be  tabulated: 


Cause 


normal  Atmosphere 

0 

Water  Cloud  (absorption) 

3.7  X  10"^ 

Ice  Cloud  (absorption) 

2.4  X  10"^ 

Rain  Drops  (scattering) 

7.1  X  10'2 

Snow  Flakes  (scattering) 

4.5  X  10"^ 

Free  Electrons  (scattering) 

5  X  10"^ 

These  optical  depths  are  much  too  small  to  seriously  affect  the 
transfer  of  radiation  through  the  storm  center.  This  Is  easily  seen  by 
considering 

T  ■  To  (4-22) 


where  T  *  observed  temperature  emitted  by  the  cell, 
To«  actual  temperature  produced  by  the  cell. 
For  the  case  of  the  largest  T,  i.  e., 

T  -  3-7  X  10“^ 


we  have 


T  ■  To 


e  -0.037 


or 

T/To  *  m  0.97  «  1 

Hence  effectively, 

T  ■  To 


for  all  cases  of  T. 


(4-23) 
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Itie  Emission  by  the  Stonn  Cell 


Sources  of  radiation  ty  a  stonn  cell  which  niglit  be  considered  are 
(a)  thermal  radiation^  (b)  short -duration  pulses  due  to  lightning  or  other 
sudden  discharges  over  long  distancoj  (c)  large  scale  ordered  oscillations 
of  charge^  (d)  noise  emitted  during  corona  dischai-ge  from  small  charged 
particles.  'Hie  first  of  these  (a)  is  ruled  out  by  the  small  optical 
depths  found  in  the  previous  section.  We  are  specifically  excluding  pulses 
of  type  (b)  from  consideration  in  the  observations  to  be  discussed  later, 
because  of  the  time  constants  of  tlio  i-ecelvers  were  short  enough  that  the 
base  level  iras  not  appreciably  affected  by  lightning  discharges  but  the 
time  constants  were  not  yet  short  enough  to  yield  inforr.iation  on  the 
character  of  the  li^tning  strokes  themselves.  Charge  separation  in  the 
stoim  cell  appears  to  be  reduced  by  liglitning  discharges  in  such  a  way 
that  a  continued  steady  noise  source  would  not  be  maintained  by  oscillations 
of  type  (c).  We  are  left  with  (d)  as  the  mechanism  to  be  considered. 

'The  behavior  of  the  corona  discliax-ge  between  a  metallic  point  and  a 
metallic  plate  has  been  investigated  by  many  people  (Min  lC5t  ,  English 
19^8,  Heintz  1959 j  Denholm  i960).  Mong  these  there  is  a  deduction  by 
Heintz  of  the  current  wave  foiTi  using  the  diffiision  equation. 

TJhen  an  electric  source  is  supplied  from  outside,  as  in  these  cases, 
the  corona  discharge  consists  of  a  series  of  pulses  distributed  more  or 
less  periodically.  'Ihe  very  shox’t  pulses  vrhich  appear  when  the  metallic 
point  is  negative  are  called  'frichol  Pulses. 


An  electrified  drop  will  discliai'ge  into  the  surrounding  at 
to  the  particle  which  is  oppositely  charged,  xflien  it  is  char'ged 
to  cause  breakdora.  In  a  thunderstoiiv.  cell  it  may  lie  supposed  t 
discharge,  once  induced,  continues  until  the  drox'-  is  in  charge  c 
with  the  suivounding  air.  We  assume  that  this  single  discharge 
same  nature  as  a  Trichel  pulse  in  the  point  to  pls/bc  discharge. 


mo  sphere  oi’ 
h.igh  enough 
hat  tb.e 
quilibriujii 
is  of  the 


We  will  apply  to  the  particle  discharge  the  curi’ent  wave  fom.i  which  iras 


introduced  by  Heintz,  as  follows: 


i  = 


(5-1) 


(for  t  >  0) 


2k 


In  this  eicpression^T^  is  a  measure  of  the  rate  of  rise  and  P  is  a  measure 
of  the  rate  of  fall  of  the  pulse  uaveform.  B  is  a  constant  pix>portional  to 
the  amplitude  of  the  pulse,  and  t  is  the  time. 


Actual  observations  of  Trichel  pulses  using  a  high  speed  oscilloscope 
were  made  by  Denlaolm  (i960).  Heintz  (1959)  measured  the  frequency  spectrum 
and  constructed  the  pxlLse  waveforti  from  tliis.  The  two  cases  are  shown  in 
Figure  5-1. 


Heintz 's  values  of  P  are  as  follows 

Q 

H  =  2.61  X  10  u  A  sec 

C 

•t'r:  11.8  X  10  sec 
^  1 

P  =  4.82  X  10”  sec 

For  the  pulses  measured  by  Denliolm  much  smaller  values  off'  and  P  than 
given  by  Heintz  must  be  assumed  to  make  expression  (5-1)  'tue  actual 
observation. 

Using  the  Laplace  transform  for  a  real  independent  paraaeter  a  >  0, 

(,.3/2  ^  -1/2 


the  Fourier  transform  of  (5-1)  can  be  reduced  to: 
l(oj)  =  B  e:q)(  -  /  2r 

If  the  discharge  distance  is  assumed  to  be  L,  the  dipole  moment  P^(w) 
becomes 


(5-2) 


P3_(w) 


I(w) 


X  L 


(5-3) 


This 

discharge. 


ejcpression  is  tlie  Fourier  transfoim  of  the  individual  corona 
and  the  radiated  power  due  to  this  dipole  moment  becomes: 


2 


mks  units 


(5-4) 
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In  the  region  of  the  thunderctom  cell  where  corona  discharge  is 
occurring,  the  average  numher  of  discharges  per  unit  volume  per  second  is 
n,  as  descri'oed  in  section  3-  direction  of  the  discharge  current  can 

he  considered  to  he  distributed  at  random  and  there  is  no  phase 
correlation  between  discharges.  iUso  the  intervals  between  discharges 
are  random. 

In  this  sitmtion,  the  total  radiated  power  from  all  the  particles 
becomes 


V7(m)  =  n  y  £  (oj) 


(5-5) 


We  can  apply  aquations  (3-4)  and  (3-6)  to  find  the  briglitness  temperatures. 
For  the  surface  area  in  e:{pressicn  (3-4)  we  take 


A  =  jtR^ 
s 

R  being  the  radius  of  a  spherical  cell, 
s 

The  expression  (3-6)  for  then  becomes,  using  (5-4)  for  £  , 

10  n  V  ^ 

^  2.77  X  lO'^^ 

'  ‘  s 

The  factor  10  artses  from  using  the  foUowlag  relations  In  (3-6): 


(5-6) 


(5-7) 


and 


5jtf  =  w 


Xf 


=  c  , 


Tlie  frequency  dependence  of  T,  enters  through  P  via -equations 

0  r 

(5-3)  and  (5-2).  Inspection  of  equation  (5-4)  shows  that  at  lovrer 
frequencies  £  (u)  Increases  with  w' ,  i(to)  being  constant  at  tlie  lower 
frequencies.  At  higher  frequencies,  £  (m)  or  W(m)  varies  as  w“  exp  (-2^^2tt)) 
and  decreases  with  frequency  because  of  the  e^qjonential  factoi'. 


Retuminj  to  the  equation  (5-7)  ^  i/ill  stay  constant  with  frequency 
until  it  is  depressed  by  the  exponential  factor.  Numerical  estimates  are 
discussed  in  section  7. 
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In  the  above  derivation,  the  effect  of  the  movements  of  the  electrons 
in  the  corona  discharge  was  not  taken  into  account.  The  current  in  equation 

(5-I)  is  the  resultant  motion  of  the  order  of  10^^  electrons  in  one  discharge. 

12  -1 

Because  the  electron  collision  frequency  is  of  the  order  of  10  sec  at 
atmospheric  pressure,  and  the  duration  of  the  corona  is  of  the  order  of  10 
second,  one  discharge  involves  many  collisions  of  electrons  and  consequently 
random  motion  of  the  electr^Dns  inside  the  corona  region  supeinposed  on  the 
resultant  currents.  The  radiation  due  to  this  random  motion  of  electrons  is 
the  same  nature  as  radiation  from  ionized  plasmas  and  is  not  taken  into 
account  in  the  above  expression.  Because  of  the  interval  between  each 
collision  is  verj'-  small  compared  to  the  duration  of  the  corona  discharge,  the 
radiated  power  spectrum  due  to  each  electron  step  must  be  displaced  into  far 
higher  frequency  ranges  than  the  radiation  due  to  the  resultant  discharge 
current. 

The  theory  outlined  above  is  not  suitable  for  application  to  emission 
by  lightning.  If  we  were  to  consider  a  lightning  discharge  the  time  duration 
would  be  of  the  order  of  milliseconds  and  the  length  of  the  discharge  very 
long,  resvilting  in  a  large  dipole  raoment.  In  this  case  the  raaximimi  of  the 
frequency  spectrum  of  the  ladiated  power  is  displaced  downward  into  the 
kilocycle  range.  The  extent  of  the  ionized  region  is  also  large  and  the 
plasma  radiation  could  not  be  neglected  as  we  have  done. 
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6.  /mtenna  Temperature  Calcolations  for  196I  July  21 


a).  Calcu-lations  at  3QOQ  Kc  (S-Band  riadiometer) 

For  the  calculation  of  antenna  temperatures  an  equivalent  block  diagram 
is  shown  in  Figure  6-1.  In  Figure  6-1,  represents  the  power  loss  in  the 
transmission  line,  the  insertion  loss  of  attenuator  no.  1,  cx^  the  coupling 
factor  for  the  antenna  section,  the  power  loss  of  attenuator  no.  4, 
the  coupling  factor  for  the  noise  source  section,  Ofg  the  insertion  loss  of 
the  variable  attenuator,  and  is  the  power  loss  supplied  by  the  variable 
attenmtor.  is  the  antenna  temperature  and  is  the  effective 

temperature  of  the  noise  soiirce  idiich  is  given  as  10,000^K.  Table  6-1 
smunarizes  the  available  data  for  the  S-Band  Radiometer. 


Calibration  of  the  receiver  proceeds  as  follows:  First  the  receiver 
is  warned  up  and  connected  to  matched  load.  Hatched  load  consists  of 
inserting  a  large  attenxxation  in  attenuator  no.  1.  Secondly,  the  noise 
source  is  turned  on  and  several  calibration  steps  are  placed  on  the 
recorder  chart  by  means  of  the  calibrated  variable  attenuator  no.  3* 

When  the  receiver  is  connected  to  matched  load  it  sees  a  temperature 
given  by  the  expression 

h  ■  “3  “6  “a  “5  “1. 

+  ^'o  ‘^-“6  “a>  “5 

=  311°K 

In  equation  (6-I)  is  the  temperature  of  the  matched  load  and  the  room 
(about  290°K)  and  the  a*s  represent  the  losses  of  the  components  in  the 
receiver  feed  line. 
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Sym’col 

"'2 


"'4 

o;_ 

? 


Decibels 

l-i 

.2 

.1 

•  o 
10.5 

.1 


po-rci-  ratio 

■  O'-O 

;  / 

.832 

.089 

•977 


Table  6-1.  .Constants  of  the  receiver 

’(■■rnen  noise  is  now  introduced  the  receiver  sees  a  ter.ipei’atv.re 
T, 

^  I 

T„  =  702°]:  (q:^)  V  311°K 

To  calibrate  the  chart  ve  need  onl"  var;;'  by  steps,  and  note  the 
correspondin3  change  on  tlie  i-eceiver  output  record. 


=  {[-nVa  1  V  --o  }  %  " 


(6-2) 


Finally  to  neasure  the  antenna  tenperature  the  attenuation  in 


attenuator  no.  1  is  reduced,  i.e.  the  antenna  is  turned  on,  and  the  noise  is 
brought  up  to  about  matched  load  level  by  means  of  variable  attenuator  no 
In  this  case  the  I’eceiver  sees  a  temperature  T.,  given  by 


I3. 


{[ 


+  (i-oij, ;  f  (6- 

U 

Solving  for  ve  find 


To  obtain  the  antenna  tenperature  from  the  chart  records  -ue  compute  T.^ 
by  means  of  tl:c  calibration  raarhs  on  the  chart,  use  the  value  of  given 
for  the  particular  measurements,  and  apply  equation  (6-4). 


Cn  the  Julg-  21  record  thei'e  are  two  calibration  points  in  addition  to 
the  matched  load  level.  For  the  first  calibration  point  is  .020 
corresponding  to  I7  db.  in  attenuator  no.  3*  Using  equation  (6-2)  we  find 
that  this  gives  l4°K  above  matched  load.  The  record  shows  a  deflection  of 
2.1  scale  divisions,  thus  the  calibration  constant  is  6.7°K  per  scale 
division. 


CO 
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The  second  calibration  point  on  the  record  is  obtained  \d.th  =  .036 
■vrtiich  is  25 °K  above  matched  load.  The  deflection  above  matched  load  is 
4.i)-  scale  divisions  giving  5*7°K  per  scale  division  as  the  calibration 
constant.  As  most  of  the  data  falls  near  the  first  calibration  point  we 
eidopt  6.7°K  per  scale  division  as  the  calibration  constant. 

All  the  antenna  measurements  were  made  with  =  .l4l,  thus  equation 
becomes 

T^  =  2(T  -265°k)  (6-5) 

a  j 

From  1445  EST  to  I610  EST  on  Jvily  21,  T  is  about  304°K  corresponding  to 
an  antenna  ten^jerature  of  78  K.  At  16IO  EST  the  antenna  temperature  rises 
to  about  106°K  and  remains  practically  constant  until  1700  EST  after  which 
it  drops  slowly  to  its  former  value. 

To  summarize,  T^  is  about  78°K  fram  I5OO  EST  to  I6OO  EST,  rises  to 
106°K  where  it  remains  for  1  hour,  then  drops  slowly  to  its  fonier  value. 

b) .  Calcxjlations  at  1200  He  (L-Band  Radiometer) 

The  simplified  block  diagram  for  the  L-Band  Radiometer  is  shown  in 
Figures  6-2,  and  the  pertinent  data  are  given  in  Table  6-2. 


Symbol 

Decibels 

Power  : 

2.7 

.537 

“2 

.2 

.955 

«3 

.1 

.977 

°4 

•7 

.851 

10.0 

.100 

“6 

5.6 

.280 

Table  6-2. 

Constants  of  L-Band  Radiometer. 

Again  let  T^  be  the  ambient  temperature  of  the  equipment,  T^^  the 

effective  tenq)erature  of  the  noise  source,  and  the  antenna  tengperature . 

T  is  10,CXX)°K  and  T  we  te^e  as  29o'^K. 
n  '  o 
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With  thic  receiver  the  calihration  procedure  is  to  switch  to  matched 
load  with  the  noise  source  off  ^..’hereupon  the  receiver  sees  the  temperature 


'"’l  "  “2  “3  *  "'o  “6  “a  “5 


+  '1' 


=  315  K 


Ihe  noise  source  is  now  turned  on  giving  a  temperature^ 

''2'  ([Wa  *  "’o] 


T 


=  23l\  a  +  315°K 

S*. 


(6-6) 


(6-7) 


To  measure  antemia  temperatures  the  sv/itch  is  put  in  the  antenna  position 
and  the  noise  level  is  adjusted  by  means  of  the  variable  attenuator  until 
the  noise  level  is  near  the  matched  load  level.  In  this  case 


T3. 


.]  “5}^ 


(6-8) 


or 

T  =  2.3i^  (T.-231°KP!„-192°K)  (6-9) 

a  a 

Referrinc  to  the  data  for  July  21  we  find  two  calibration  points  in 
addition  to  the  matched  load  level.  The  first  point  corresponds  to  an 
attenuation  of  .10  which  gives  T_  =  338°K  or  23°K  above  matched  load.  This 

cl 

temperature  corresponds  to  3.2  scale  divisions  above  matched  load  for  a 
calibration  constant  of  7*2°K  per  scale  division.  The  second  calibr^ition 
point  is  48°K  above  matched  load.  With  a  scale  reading  of  6.7  ve  obtain 
a  calibration  constant  of  7«2°K  per  scale  division. 

On  the  cha2rt  for  J\ily  21,  was  .hh6  thus 

T  =  2.3^+  (T_-295°K)  (6-10) 

3.  0 

From  1500  EST  to  16OO  Est  on  July  21,  T_,  is  308°K  giving  an  antenna 
o 

temperature  of  jO  K.  At  160O  EST  the  temperature  rises  abruptly  until 

T  =  318°K  or  T  =  5^°K.  From  I60C  EST  to  I7OO  EST  T  stays  constant  at  54°K. 
3  ^  o  ^ 

At  5  Pii  drops  slowly  to  its  earlier  value  of  30  K,  after  which  it  retains 


constant 
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c).  Calculations  at  $  Me 

The  chart  record  for  5  Kc  is  calculated  in  microvolts,  i.e.  a  signal 
generator  produces  a  calibration  signal  given  in  microvolts.  '7ne 
corresponding  deflection  on  the  chart  is  noted  and  a  calibration  cuive  can 
be  plotted.  Such  a  curve  is  shovm  in  Figure  6-3  where  the  scale  reading  is 
plotted  against  tlae  calibration  signal  in  microvolts.  This  data  \ra.s  taken 
from  the  July  2k,  5  lie  record. 


To^  compute  the  corresponding  temperature  we  use  the  relation 


[(E^)]  =  (  ^FFTAf 


(6-11) 

where  ^ (E*^)  is  the  root  mean  sqtiare  voltage  across  the  transEiission  line 
in5)edence  R,  T  is  the  temperature  and  Af  is  the  bandwidth  of  the  receiver. 
For  this  system  R  =  50  ohms  and  Af  =  1000  cps.  Taking  room  temperature  at 
297^  we  find  the  matched  load  voltage  to  be 


r  -8 

KE  )J=  (kRKTAf;=  2.83  X  10  vol-t 


-us  (6-12) 

To  find  the  temperature  T  foi-  signals  other  than  matched  load  '.re  divide 
equation  (6-II)  by  (6-12)  to  obtain 
T  =  257 


(2.83  X  10"^)^ 


(6-13) 


To  find  any  temperature  on  the  record  for  July  21,  we  note  the  scale 
reading,  find  the  corresponding  microvolt  value  from  Figure  6-3,  and  use 
equation  (6-I3)  to  find  T.  Figure  (6-4)  shows  T  as  a  function  of  time  for 
the  5  Me  gear  on  Jioly  21,  I962.  The  data  for  this  graph  was  obtained  frcaa 
the  chart  record. 


d) .  Calc\ilations  at  10  Me 

The  10  Me  data  was  obtained  in  tabular  form  and  gave  the  scale 
deflection  in  microvolts  for  each  hou.r  on  July  21,  I962.  Using  this  data 
and  equation  (6-I3)  derived  in  the  pi-eceding  section  a  graph  of  T  vs.  time 
is  plotted.  Tliis  graph  is  shoi-m  in  Figure  (6-5).  Tlie  data  for  this  graph 
was  obtained  by  averaging  the  hourly  values  for  al  1  the  days  of  July,  and 
finding  the  hourly  dei)artuures  for  each  day.  Thus  it  actually  shov/s  the 
temperatvire  increase  over  an  average  day. 
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e) .  Calculations  at  224  Me 

Temperature  reductions  for  22k  Me  were  nade  by  Mr.  Straka.  These  may 
be  summarized  as  follows:  From  IpOO  EST  to  l600  EST  the  antenna  temperat\ire 
i«mains  about  constant  in  the  k^O-^^O^K  range  with  a  sli^t  maximum  at 
15^5  EST.  At  l6l0  EST  the  temperature  rises  suddenly  to  about  600°K  and 
remains  almost  constant  mtil  1715  EST,  after  which  it  drops  slowly.  At 
l600  EST  the  temperature  goes  through  a  sharp  minimum  and  drops  to  400°K. 

It  then  rises  quickly  until  it  again  becomes  SOO^K  at  I83O  EST.  The  antenna 
tenqperature  then  drops  slowly  to  the  point  \rtiere  the  record  ends  at  1946  ^T. 

f) .  Discussion  of  Antenna  Teeqaerattires 

Thus  far  in  the  reduction  of  the  temperatures  we  have  neglected  such 
things  as  backgrotind  sky  radiation,  ground  effects,  beamwldth  etc.  Ve  now 
proceed  to  discuss  these  factors  and  attenpt  to  make  a  reasonable  estimate 
of  the  teB^rature  in  the  storm  cell. 

1)  .  1200  Me  and  3OOO  Me 

For  these  frequencies  the  size  of  the  cell  was  large  compared  to  the 
beamwldth.  Thus  the  anteima  tenperatxxres  will  be  given  by  equation  (3-1). 

At  both  1200  and  3OOO  Me  the  storm  cell  observations  were  made  at  7°  eltvatlon 
and  as  the  antenna  moved  to  this  position  a  temperature  rise  of  about  25'^K 
occurred.  Later  measvuements  show  that  the  aky  tes^rature  was  about  the 
same  at  this  elevation  without  a  storm.  Hence  ve  conclude  that  there  is  no 
significant  radiation  from  this  particular  stem  cell  at  1200  and  30OO  Me 
other  than  that  from  lightning  strokes. 

2)  .  224  Me 

Again,  ve  use  equation  (3~l)  S'S  the  storm  cells  fill  the  beam  at  this 
particular  frequency.  When  the  normal  sky  temperature  for  this  frequency 
(Kraus  and  Kb,  1957)  Is  subtracted  from  the  observed  antenna  tenperatures  ve 
obtain  values  of  T^  in  the  range  of  300^K  to  $00^K.  If  ve  assume  a  maxlpnin 
value  of  1^,  the  optical  depth,  equaJ.  to  lO”^,  (see  section  4-d)^ brightness 
teoperatures  in  the  range  30,000°K  to  50,000°K  ore  obtained  for  the  brightness 
teoqperatures  in  the  cell. 
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Figure  6-3  Calibration  Curve  for  5  Me 
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Figure  6-4.  Antenna  Temperature  at  5  Me. 


Figure  6-5.  Antenna  Temperature  at  10  Me 
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3).  30  Me 

No  reductions  were  attempted  at  30  Me  as  the  receiver  data  was 
incomplete  as  this  report  was  heins  made.  A  qualitative  idea  of  the  behavior 
of  the  radiation  from  the  cell  at  30  Me  can  be  obtained  from  the  graph  of 
30  Me  radiation  which  appears  in  Figure  2-4. 

4) .  10  Me 

At  10  Me  we  neglect  all  groxmd  effects.  Hie  antenna  vra,s  a  dipole  and 
for  our  pixrposes  we  will  assume  it  had  an  isotropic  radiation  patterns.  Ihe 
tabulated  data  consisted  of  average  signal  levels  for  each  day  and  hour  in 
July^  and  the  departures  from  this  average  for  each  day  and  hour. 


Thus  we  assme  any  diurnal  variation  in  the  signal  level  has  been 
averaged  out  and  the  departure  for  the  particular  day  and  hour  of  the  storm 
can  be  attributed  directly  to  the  effects  of  the  storm.  Referring  to  Figure 
(6-5)  it  is  seen  that  at  1615  EST  the  first  storm  reached  its  na;cimum 
intensity  with  an  antenna  temperature  of  about  30>000°K.  Assuming  the  storm 
was  some  10  km.  away  and  had  an  effective  area  of  about  100  square  Ion.  we 
find  that  its  black  body  temperature  is 


T  = 


4rtT 

a 

100 


=  3.8  :r  10^  ®K 


At  2045  EST  violent  weather  conditions,  including  ligirtning  and  rain, 

were  in  the  immediate  area  of  the  site.  In  this  case  we  may  assume  the  storm 

fills  the  antenna  beam  and  that  the  antenna  temperature  is  identical  to  the 

tenqperature  in  the  storm.  This  gives  a  temperature  of  1.6  x  10"^  K.  This 

temperature  differs  by  a  factor  of  about  2  from  the  tempera tur'e  calculated 

5  o 

above.  Thus  we  obtain  a  mean  teerperature  of  2.7  x  lO"^  K  at  10  Me. 


5).  5  Me 


Considering  the  location  of  the  storm  and  the  directivity  of  the 
antenna,  little  error  results  in  assuming  an  isotropic  radiation  pattern  for 
the  antenna.  With  the  same  assumptions  used  in  the  10  lie  calculations  we  find 

T  =  1  X  10^  °K, 

^ere  we  have  used  8000°K  as  the  antenna  temperature  for  the  first 
observation  of  the  storm. 


4o 


Pollowinc  same  argunents  as 


•4 

obtain  a  ter.ipei'ature  of  2.7  ^  10^ 


above  for  the  stom  at  2C''o  ^ST  we 
iliis  temperature  differs  by  about 


a  factor  of  four  from  the  temperat’are  obtained  at  l6l5  EST.  xlie  two 
temperatures  give  a  mean  temperature  of  6.4  x  10^  °K  at  5  lie. 


7.  Evaluation  of  the  Parameters  of  the  corona  discharge  model 


In  evaluating  expression  (5-7)  for  the  equivalent  temperatures  of  the 
oells,  the  values  of  B,t  and  p  in  equation  (5-2)^  the  length  L  of  the 
discharge,  the  number  of  discharges  n  per  unit  volume  per  second  and  the 
size  of  the  total  volume  must  be  known.  For, B,T  and  p  the  values  given  by 
Heintz  or  those  corresponding  to  the  waveform  obseinred  by  Denholm  can  be 
employed.  Also  these  values  of  B,T  and  p  are  used  in  the  calculation  of 
the  total  radiated  power  by  equation  (p-p) .  But  the  accuracy  of  these  values 
for  obse2Tved  waveforms  is  limited  by  the  equipment  and  methods  employed 
in  the  observations.  Also,  the  situation  in  the  corona  discharge  of  the 
charged  particles  in  the  atmosphere  and  the  metal  point  may  be  different. 

a).  Temperature  Estimates  Using  Heintz^s  Data 

The  values  of  B,T  and  p  given  by  Heintz  for  the  point  to  plane  corona 
discharge  which  £upe  shown  In  Section  5  are  einployed  in  the  following 
caloulAtlODS*  Also  the  following  numerical  assumptions  were  made. 

L  =  3  X  10  meter 


V  =  rt  =■  n  (500)^  meter^ 
s 

where  R^  (radius  of  the  source)  «  500  m  and  a  spherical  volume  is  assumed. 

It  is  known  (Gunn  1957^  Schonland  1953)  that  in  one  lightning  discharge 
the  average  amount  of  charge  is  around  20  coilLombs,  and  this  charge  is 
built  up  in  5  seconds  in  severe  storms.  If  it  is  assumed  that  the  amo\int  of 
charge  involved  in  the  corona  discharge  is  of  the  same  order  of  magnitude 
and  also  that  one  discharge  involves  0.1  e.s.u.  (Gunn  1958),  then  the 
number  of  discharges  per  second  is 


20  (coulonibs) 

5  X  3.336  X  10“^ 


1.2  X  10^  discharges  sec 
n  V 


The  value  of  n  becomes 


3.06  X  10  discharges  sec  m~^. 


Using  these  values,  the  calculation  of  the  equivalent  temperature  T  is 

b 

made  by  equation  (5-7)*  The  results  are  shown  as  (l)  in  Table  7-1  (a) 
and  in  Figure  7"1- 


Equivalent  Temperature- 


W 

o 


.1 


1.0 


10  100  1000 


Frequency-Mc . / sec . 


Figure  7-1* 


Theoretical  Relation 
refer  to  observed 


between  Temperature  T^  and  Frequency, 
values  from  Section  6. 


33able  7~l(a)  Calculated  !iy^w»rerature 


^3 


Frequency 

T^(l)(Heintz) 

T^( 2) (Denholm) 

^(3)  (Denholm 

(Me) 

°K 

°K 

°K 

0.1 

1370 

6.4  X  10^ 

1.97  X  10^ 

0.3 

1310 

6.27  X  10^ 

1.97  X  10^ 

1.0 

873 

6.02  X  10^ 

1.95  X  10^ 

3.0 

390 

4.05  X  10^ 

1.93  X  10^ 

10 

12.7 

8.77  X  10^ 

1.31  X  10^ 

30 

4.23  X  10^ 

2.84  X  10^ 

100 

9.1  X  10^ 

1.49  X  10^ 

200 

2.91  X  10^ 

300 

2.9  X  10° 

toble  7-l(b)  Parameters  Used  in  the  Caleuietirtn 

(1) 

(2) 

(3) 

B  sec 

^^^)  2.61  X  10 

3.3^  X  10"^^  3.34  X  10 

^ (sec) 

11.8  X  10"^  4.0  X  10“® 

1.3  X  10 

fi  (sec  "  ) 

4.82  X  10 

°  14.5  X  10  ® 

45  X  10  ^ 

kk 


The  radiated  power  is  also  calculated  for  the  above  parameters  by 
eqiatlon  (5“5)  shown  in  Figure  J-2. 

b) .  Temperature  Estimates  Using  Denholm* s  Data 

Denholm  observed  the  current  wave  forms  of  Trichel  pulses  of  the  metal 
point  to  metal  plate  corona  discharge  with  a  high  speed  oscilloscope 
(Denholm  i960).  From  the  observed  wave  form^  the  values  of  B,  T  and  p  to 
be  employed  in  the  calculation  are  estimated  as  shown  in  Table  J-l  (b) . 

With  these  values,  the  charge  in  one  pulse  becomes  about  1  e.s.u. 

instead  of  0.1  e.s.u.  and  then  the  nimiber  of  discharges  per  second  becomes 

n  V  =  1.2  X  10^° 

Using  the  same  values  for  L  and  R  as  in  the  preceding  case,  the 

5 

equivalent  ten5)eratures  are  calculated  and  shown  as  T^(2)  in  Table  7-1  (a). 

If  instead  of  increasing  the  amount  of  charge  to  1  e.s.u.,  the  value 
of  B  is  decreased  to  keep  this  charge  at  0,1  e.s.u.  the  equivalent 
ten5)erature  becomes  l/lO  of  the  value  listed  as  (2). 

c)  .  Temperature  Estimates  Using  Other  Values  of  the  Parameters. 

In  case  (2),  the  values  of  B,  t,  and  p  are  taken  from  the  wave  form 
of  a  typical  Trichel  pulse  observed  by  Denholm.  But,  he  shows  that  there 
is  a  wide  range  of  observed  rise  times,  ranging  from  0  to  20  milli  micro 
seconds  after  corrections.  Also  the  rise  time  of  the  oscilloscope  was 
6  milli  micro  seconds  and  with  this  value  the  faster  pulses  cannot  be 
observed  effectively.  We  have  tried  a  calculation  for  a  hypothetical 
pulse  shape  with  a  faster  rise  and  fall  time  than  case  (2).  The  values 
employed  are  Indicated  in  Table  7-1  (li)  and  results  are  shown  as 
\  (3)  in  Table  7-I  (a). 

From  the  values  of  Table  7-I  (a),  it  is  seen  that  the  calculated 
temperature  change  markedly  with  the  selection  of  the  parameters. 

The  values  of  are  rather  small.  Possibly  this  may  be  e3q)lained 

if  the  high  frequency  component  is  not  well  represented  in  the  measurements 
by  Heintz  because  of  his  instrumental  limitations. 
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In  the  actual  corona  discharge  in  the  atmosphere,  it  is  expected  that 
there  are  wide  variations  in  the  charge  per  particle,  and  the  actual  power 
spectrum  or  the  equivalent  temperature  must  he  the  supeiposition  of  the 
effects  of  various  sizes  of  the  discharge,  i.e.  over  various  amounts  of 
charge  and  various  amounts  of  rise  and  fall  time  of  the  discharge.  Then 
the  peak  of  the  radiation  spectrum  will  became  much  more  broad  and  the 

decrease  of  the  equivalent  temperature  in  high  frequencies  will  be  much 
slower  than  in  the  case  of  uniform  piolse  shapes  assumed  in  our  three  cases. 


Figure  J-l  shows  in  addition  to  the  theoretical  curves  derived  in  this 
section  points  representing  the  observed  temperatures  found  in  section  6. 


8.  Discussion 
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ihe  foregoing  analysis  was  made  using  a  single  wave  form  and  uniform 
charge  for  each  discharge.  However,  the  actual  conditions  in  a  thunderstorm 
cell  must  Include  a  wide  dispersion  of  wave  forms  as  well  as  a  large  variation 
of  particle  charges.  !Ilie  total,  uniform  charge  on  each  particle  of  0.1  or 
1  esu.  was  an  assumption  based  on  meteorological  measurements  of  raindrops 
idilch  reach  the  earth.  To  our  knowledge,  no  measurement  of  drop  charges 
in  an  active  thunderstorm  cell  have  been  made,  and  \diether  ground-measured 
charges  correspond  exactly  with  these  existing  in  the  ijpper  regions  of  a 
storm  clotid  is  neb  known  at  present.  Indeed,  the  very  mechanism  for 
electrification  of  the  drops  is  the  subject  of  some  controversy. 

Although  only  corona  discharge  was  analysed  as  the  principal  emission 
mechanism,  several  other  effects  must  be  discussed.  Thermal  emission  is 
considered  negligible  as  the  opacity  of  the  cell  is  quite  Fanall .  Discharges 
from  objects  on  the  surface  of  the  earth,  e.g.  trees,  antennas,  buildings, 
etc.,  would  certainly  produce  detectable  radiation,  thou^  no  measurements 
were  made  of  these  contributions  alone.  Also,  charged  drops  of  water, 
striking  the  surface  of  the  earth,  will  produce  a  certain  amoxmt  of  radiation 
which  was  integrated  with  all  other  effects  in  the  measurement.  The  exact 
quantitative  contribution  of  this  mechanism  is  not  known. 

At  5  Me  the  effect  of  other  centers  of  activity  producing  radio - 
freq]uency  radiation  (not  necessarily  thunderstorms)  must  be  considered.  This 
is  due  to  the  total-refraction  effect  of  the  F-layer  of  the  ionosihere  at 
this  frequency.  Ionospheric  soundings  for  J\]ly  21,  I96I  taken  at  Millstone 
Hill,  Massachusetts  indicate  a  mean  maximum-usable  frequency  for  the  period 
1530  EST  to  2330  EST  at  5.0  Me. 

Dr.  A.  P.  Mltra  sviggested  this  effect  to  us  in  a  private  coomunication 
and  feels  that  sources  up  to  a  distance  of  2000  km.  could  be  seen  at  this 
frequency  due  to  the  totei-refraction.  Hence  the  values  of  5  Me  noise 
intensity  should  be  considered  a  maximum  value  for  this  storm  and  are 
probably  lower  for  the  cell  emission,  per  se.  The  fact  that  values  of 
Intensity  for  this  frequency  were  obtained  as  difference  measurements  fhom 
the  record  for  Jialy  I6,  196I  should  help  correct  for  this  effect  but  no 
quantitative  estimates  can  be  given. 
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Depending  on  the  angle  of  incidence  at  the  lonosi&ere,  frequencies  as 
hl^  as  10  Me  could  he  affected  In  this  meuoner.  However^  the  effect 
dlalnlshes  rapidly  vlth  increasing  frequency.  Also>  the  values  of  in¬ 
tensity  used  in  this  report  for  the  July  21,  196I  event  at  10  Me  vere  ob¬ 
tained  as  the  difference  in  Intensity  for  this  date  from  the  monthly  mean 
at  1615  EST  and  2049  E8T.  Ihus,  propagation  effects  should  have  a  minimum 
effect  on  the  intensity  as  it  is  doubtful  if  thunderstorms  were  present  in 
the  affected  area  every  day  of  the  month  of  July. 

Considering  the  approximations  necessarily  made  in  the  preceding 
sections  emd  the  uncertain  observational  corrections  described  above,  the 
Intexxslty  measurements  plotted  on  Figure  7-I  should  be  understood  as  maximum 
values,  and  msy  be  too  high  by  an  order  of  magnitude,  or  more.  Un¬ 
fortunately,  this  means  that  they  cannot  be  used  to  distinguish  the 
msChanisms  considered  in  Section  7. 

Further  investigations  of  radio-frequency  emission  from  thunderstorm 
cells  should  be  condxicted  in  such  a  manner  that  some  or  all  of  the  obser¬ 
vational  errors  mentioned  above  can  be  corrected  or  at  least  accounted  for. 
Ibis  would,  of  course,  Inalude  istproved  meteorological  data  in  order  to 
allow  the  formulation  of  a  better  theoretical  basis  for  coeq)arl8on  with  the 
obserrations. 

Ihe  measxired  teoqperatTire  at  L  and  S  band  cue  very  small  and  this  is 
consistent  with  the  sinqile  theory  outlined  in  this  report.  But  to  obtain 
more  definite  values  of  the  t^iqperatures,  it  would  be  necessary  to  liiqprove 
the  calibration  methods,  to  obtain  more  accurate  background  temperatures, 
and  to  check  the  constancy  of  antenna  impedance. 

Some  si^ggested  precautions  for  measuresients  at  these  frequencies  eu:e 
described  in  sections  (lO)  and  (11). 

A  possible  application  of  this  observed  effect  of  thunderstorm 
esdaslon  is  the  passive  determination  of  cell  position  by  trlangulatlon 
methods.  This  could  of  course  €j.so  make  use  of  the  li^^tning  discharges, 
and  indeed  one  cell  was  found  this  way  prior  to  its  detection  by  the  radar 
observers. 
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9«  Effect  of  Radiation  from  the  Ground  and  the  Atanosphere 


Vhen  the  antenna  gain  function  is  G(A)  ^ere  A  is  the  solid  angle 
vhlch  is  referred  to  the  emtenna,  the  antenna  ten;perature  becomes 


5  G(A)  T(A)  dA 
4jt 


(9-1) 


The  integration  is  made  over  the  whole  sphere^  4]t  .  ^(A)  Is  the 
distribution  of  the  brightness  tesQperature  of  sky  and  ground  seen  from  the 
antenna. 

In  Figure  9-1  &  typical  distribution  of  I(A.}  is  shown.  In  the  solid 
angle  occtgpied  by  the  gro\md,  T(A )  will  be  about  that  of  the  actual  ground 
temperature  but  it  will  be  different  for  populated  areas  and  depends  on 
meteorological  conditions. 

Also  T(A)  may  have  a  considerable  value  above  the  ground  due  to 
atmospheric  ab80xp)tlon.  One  exas^le  of  its  measurement  is  given  by 
Nezger  (1959)*  In  this  article  the  dependence  of  T(A)  on  the  geography 
is  also  observed. 

It  is  usually  considered  that  a  considerable  fraction  of  the  total 
energy  goes  out  in  the  main  beam  of  an  antenna  when  it  is  eogloyed  as  a 
transmitting  antexina.  Ve  may  write 


and 


G(A)  dA 
main  beam 

J  G(A)  dA  *  1-#^ 


(9-2) 


(9-3) 


side  lobes 
spill  over 

Ihe  values  of  in  these  e3q>ressions  are  of  the  order  of  tens  of  percent, 
nils  factor  may  be  called  the  quality  factor  of  an  antenna. 
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The  distribution  of  the  side  lobes  and  spill  over  is  complicated, 

and  depends  on  the  illxanination  on  the  parabolic  surface  and  the  design 

of  the  primary  feed.  When  the  antennas  main  beam  is  directed  to  a  portion 

of  the  sky  with  temperature  T  (A) 

s 

J  G(A)  Tg(A)  d/l 

main  beam  (9-^) 

+  J  g(A)  T^(Xt)  ail 

side  lobes 
spill  over 

\<here  T_(A)  is  the  temperature  distribution  in  the  angle  not  occupied  by  the 
G 

^nfl.^n  beam.  Because  of  the  fact  that  the  ground  auid  the  portion  of  the  sky 
which  heis  considerable  temperature  due  to  the  atmospheric  absorption 
occi^ies  more  than  half  the  total  solid  amgle,  the  contribution  to  frcm 
the  second  term  of  the  above  expression  becomes  considerable.  This 
contribution  depends  on  the  behavior  of  G(A)  in  the  direction  of  side  lobes 
and  spill  over.  Generally  when  the  quality  fsKstor  is  large,  this 
contribution  is  small  and  for  the  same  it  can  be  small  if  the  backward 
^ill  over  is  small  when  the  elevation  of  the  main  beam  is  hl^.  The 
contribution  from  the  second  term  may  range  frcm  10°K  to  100°K.  At  present, 
the  antenna  with  the  least  antenna  tenperature  is  the  special  low  noise  fozn 
developed  by  Bell  Telephone  laboratories  with  about  4.5°K  and  565O  Me 
(Grasse  1959)* 

As  the  object  of  the  radio  measurement  is  to  determine  the  first  term 
of  equation  (9-4),  it  is  necessary  to  make  the  effect  of  the  second  term  as 
»ma.n  as  possible,  especially  when  it  is  desired  to  detect  a  small  variation 
of  the  first  term.  The  second  term  cannot  be  assumed  to  stay  constant  even 
when  the  antenna  main  beam  direction  is  fixed,  because  it  is  affected  by 
variable  man-made  noise  and  meteorological  conditions.  When  low  noise  tgrpe 
receivers,  such  as  masers  and  parametoric  amplifiers,  are  used,  this  tern  Is 
the  main  factor  limiting  the  sensitivity  of  the  system. 
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At  present,  it  is  considered  to  be  difficult  to  obtain  reliable 
radiation  pattern  characteristic  for  large  antennas.  But  because  of  the 
above  considerations,  the  development  of  techniques  for  evaluating  the 
side  lobes  and  ^ill  over  of  a  large  antenna  would  be  very  important. 
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10.  Effect  of  Antenna  latpedance 

In  most  of  the  theoretical  considerations  on  the  ratio  detection 
techniqiae  of  the  tanperature^  it  is  assumed  that  the  impedance  of  the 
antenna  Is  matched  to  the  Input  of  the  receiver  and  stays  constant  in  this 
condition.  But  in  actual  practice  this  condition  is  not  fulfilled  and  the 
effect  of  its  variation  is  discussed  in  the  following 
T 

Ihe  output  out  of  a  receiver  can  be  expressed  as 

where  is  the  antenna  teeqperature,  is  the  effective  temperature  of  the 
receiver^  and  A  is  the  aapUfication  factor. 

Vhen  the  real  component  of  the  inpedance  of  the  antenna  changes  from 
to  A  R  i  changes.  Also  changes  vhen  the  input  impedance  of 

the  receiver  is  varied.  Ihe  variation  of  due  to  this  effect  is  complicated 
and  it  depends  on  the  type  of  the  anpllfler  or  mixer  employed  in  the  first 
stage.  Also  the  aipllficatlon  A  changes  due  to  the  liput  lapedance.  The 
output  beooams 

\ 

/ 

for  the  same  antenna  setting.  The  use  of  the  actual  in  equation 

(10«1)  will  result  in  a  false  value  for  T^. 

UsuaUy  the  guazanteed  range  of  the  impedance  of  the  standard 

connectors  is  1.0^  in  texiis  of  the  standing  wave  ratio  and  the  inpedance  of  the 

the  antenna  feeds  exposed  to  the  weather  can  easily  change  from  the  matched 

eomdltlon  to  idiich  they  were  originally’  adjusted.  An  effect  on  the  antenna 

impedance  from  near  by  objects  Influenced  throu^  the  side  and  back  lobes 

is  also  possible.  The  use  of  a  circula'tor  between  the  emtenna  and  the 

xecel'ver  can  reduce  the  variation  of  and  A  due  to  the  anteima  impedance 

variation,  but  caiuiot  prevent  -the  variations  of  T.  Itself. 

A 

Because  of  this  effect  of  an’tenna  impedance,  it  is  necessary  to  check 
the  antenna  impedance  frequently  in  precise  measurements. 
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